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In the absence of a structure of the closed form of phosphoglycerate kinase we have modified by site dnected mutagenesis several of the residues 
whtch. on the basts of the open form structure. are likely to be involved in substrate binding and catalysis. Here we report on the kinetic and anion 
activation properttes of the yeast enzyme modified at positions 65, 121 and 168. In each case an arginine, thought to be involved m the binding 
of the sugar substrate’s non-transferable phosphate group, has been replaced by lysme (same charge) and by methionine (no charge). K, values 
for 3-phosphoglycerate of all six mutant enzymes are only margmally higher than that of the wild-type enzyme. Removmg the charge associated 
with two of the three arginme resrdues appears to influence (as Judged by the measured K,,,‘s) the binding of ATP. Although binding affinity is 
not necessarily coupled to turnover the substitutions which have the greatest effect on the K,,,‘s do correlate with the reduction in enzymes maximum 
velocity. The one exceptton to thts generalisation 1s the R65K mutant which. surprtsingly, has a significantly higher k,,, than the wild-type enzyme. 
In the open form structure of the pig muscle enzyme each of the three substituted argmines restdues are seen to make two hydrogen bonds to the 
sugar substrate’s non-transferable phosphate. From thts it might be expected that anion activation would be similarly affected by the substttution 
of any one of these three residues. Although the interpretation of such effects are complicated by the fact that one of the mutants (R65M) unfolds 
at low salt concentrations, this appears not to be the case. Replacing Arg”’ and Argr6& with methionine reduces the anion activation whereas a 
lysine m either of these two positions practically destroys the effect. With the substitutions at residue 65 the opposite is observed in that the lysine 
mutant shows amon activation whereas the methtonine mutant does not. 
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1. INTRODUCTION 
Phosphoglycerate kinase (EC 2.7.2.3) is the monom- 
eric glycolytic enzyme responsible for catalysing the re- 
action 
MgADP + 1,3-DPG + MgATP + 3-PGA. 
Crystallographic structures are available for this pro- 
tein from both eukaryote and prokaryote sources (l-41. 
For both types of organism the structure of the protein 
is homologous and is seen to be composed of two dis- 
tinct domains connected by a narrow waist region. It 
has been proposed that the enzyme undergoes a sub- 
strate-induced domain movement to generate the cata- 
lytically active form. The movement has been described 
as a mutual rotation of the two domains such that its 
ternary complex is more compact than the substrate- 
free or ‘open’ form of the enzyme [5]. The inference, that 
substrate movement generates the active or ‘closed’ con- 
former of the enzyme, lends itself readily to the ideas of 
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Koshland [6] and later, Steitz and co-workers [7], who 
pointed out that kinases have a particular need to ex- 
clude water from their active sites. In other words these 
enzymes have mechanisms to prevent hydrolysis of the 
high energy phosphoester bond of the substrates by 
water. 
The structural evidence suggests that the enzyme’s 
active site is split into two separate parts which only 
come together when both substrates are bound. The 
domain movement necessary to form the catalytically 
competent active site presumably prevents water from 
interfering with catalysis and also facilitates nucleo- 
philic attack of the phosphoryl acceptor by producing 
a low dielectric environment. There are several lines of 
evidence which appear to support this proposal. The 
domain structure and catalytic function of PGK is, in 
some respects, very similar to that of hexokinase [8] for 
which this kind of hinge-bending motion has been rea- 
sonably well documented. Blake and his colleagues first 
suggested that PGK underwent such a conformational 
change on the basis of the substrate binding sites de- 
duced from their crystallographic studies. While the nu- 
cleotide binding site was determined by crystal soaking 
experiments, they inferred the binding site for the triose 
substrate on the basis of a cluster of positively charged 
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residues on the N-terminal domain of the enzyme facing 
the bound nucleotide. These two sites were such that the 
two domains would have to move together in order to 
bring the substrates close enough to react. Following on 
from this proposal two pieces of experimental evidence 
became available which supported the general tenet of 
substrate induced domain movement in PGK. 
Firstly, using low angle X-ray scattering from solu- 
tions of PGK, Pickover et al. [9] were able to show that 
the radius of gyration of the enzyme decreased by about 
1 A on adding substrates. Subsequently Roustan and 
his colleagues used ultracentrifugation techniques to 
measure the sedimentation coefficient of the enzyme in 
the presence and absence of substrates and anions [lo]. 
Those workers found a change in the .&,, of 0.7 (3% 
3.9) on going from the apo to the ternary complex of the 
enzyme, and also on adding 10 mM ammonium 
sulphate to the apo form. Both sets of experimental 
results were similarly interpreted in terms of a substrate/ 
anion-induced conformational change in the protein. 
In an attempt to determine the conditions for the 
crystallisation of the closed form of the yeast enzyme we 
have carried out a wide range of ultracentrifugation 
experiments on yeast PGK. No significant change in the 
sedimentation value of the enzyme on the formation of 
the ternary complex or the addition of anions [l l] has 
been observed even though the experimental conditions 
have been varied exhaustively. In the light of those re- 
sults, and our inability over several years to crystallise 
any form of the yeast enzyme other than the open form. 
we have embarked on a series of site-directed mutagenic 
studies. These studies have concentrated on changing 
those residues facing the nucleotide binding site which 
could be responsible for sugar binding. the rationale 
behind these experiments being that if such residues 
were involved in substrate binding then their replace- 
ment by structurally similar but different amino acid 
residues would affect the catalytic properties of the en- 
zyme and thus prove that domain movement, no matter 
how transient. occurs during turnover. 
Since this work began Blake and his colleagues have 
succeeded in crystallising the pig enzyme in the presence 
of 3-PGA [3]. We have also succeeded in crystallising 
the enzyme from Btrcillus stearothernlop/liIus in the pres- 
ence of the nucleotide substrate [4]. Both the binary 
complexes are of the open form of the structure but they 
are significant in that they help define a set of interac- 
tions for the relevant substrate. In this paper we de- 
scribe the kinetic and ion-binding results obtained using 
mutant enzyme which differs from the wild-type enzyme 
for those residues determined by Blake and his co-work- 
ers to be involved in binding the non-transferable phos- 
phate in the binary complex. 
2. MATERIALS AND METHODS 
ATP disodmm salt and NADH disodmm salt were purchased from 
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Boehrmger-Mannhetm Btochemica. whtlst P(-)3-phosphoglycertc acid 
trisodtum salt was purchased from Stgma Chemical Co., Poole, UK. 
Enzyme grade ammomum sulphate was obtamed from BDH Ltd 1 
Poole, UK. All other chemicals were of AnalaR quality Budlus 
sretrror11ent1opl111u.v glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was kindly supphed by Dr. Alan Wonacott (Impertal Col- 
lege. London). 
Yeast PGK mutants were generated usmg ohgonucleotide-directed. 
sate-spectfic mutagencsts based on the double prtmer method of Zoller 
and Smtth [I?] Utthsmg a vector prevtously descrrbed as pYE-PGK 
[ 131. mutants were overexpressed m Strrchlrr-~jrl?!,c,~s L’E~~I’I\IUL~ (Cir’ 
Leu 2-3 1 I? Trp l-l his 3-15 Ura 3-52 PGK::Trpl) kmdly supphed by 
Dr. Peter Ptper (Uni\erstty College. London). Competent cells were 
prepared by a modttied verston (Piper. personal commumcstion) of 
the lithtum acetate transformatton procedure described by Ito et al. 
[IJ]. Overexpressed protem was extracted and purified by alkalme 
lysts. ammomum sulphate fracttonatton and FPLC gel filtration as 
previously described [I 31. 
MtchaehsMenten kinetic parameters were determined in the dn-ec- 
tton of 1.3-diphospho-n-glycerate formatton by a coupled assay wtth 
GAPDH. The measurement of mtttal rate nas based on a decrease m 
dbsorbance of NADH at 340 nm (15°C) The reaction was performed 
in 30 mM trtethanolamme-HCI. pH 7 5, contaming 30 mM 
(NH&SO.+, 50 mM KC]. 5 mM M&l,. 0.2 mM EDTA. 0 15 mM 
NADH and 1 pg ml-’ GAPDH. The concentratton of free magne- 
slum was mamtained at 1 mM Parallel kmetic experiments were 
performed so as to elimmate posstble errors when comparmg kmettc 
parameters obtained for the mutant with those of the wild-type en- 
zyme. 
The determmatron of & values for ?-PC.4 was made by ‘H NMR 
methods as previously deacrtbed [15] A relative molecular mass of 
45.800. determmed from annno acid sequence analysts of the yeast 
enzyme, was used to calculate h-,,,, values. The effect of sulphate on the 
enzyme acttvtty of the mutant PGK’s was compared utth that of the 
weld-type enzyme. Both substrates were mamtamcd at 0.5 mM. whtlst 
the ammonium sulphate concentration was vat-ted between O-50 mM. 
The remammg assay condrttons were as outlmed above. 
3. RESULTS 
The crystallographic results of Harlos et al. [3] indi- 
cate that the phosphate of 3-PGA is bonded to the 
guanidinium groups of three arginines, at positions 65. 
121 and 168 (yeast numbering), as is shown in diagram- 
matic form in Fig. 1. Each of these three residues has 
been replaced in separate experiments by a lysine (same 
charge) and a methionine (no charge). All six mutant 
enzymes have been crystallised in the same space group 
and with essentially the same unit cell dimensions as the 
wild-type enzyme. All six mutant enzymes have been 
studied by ‘H NMR using methods similar to those 
described previously [ 151. The detailed X-ray and NMR 
results will be published elsewhere. In this communica- 
tion we refer to the results of the X-ray and ‘H NMR 
experiments only where they have a bearing on the in- 
terpretation of the kinetic results presented in Table I 
and Fig. 3. While this work was in progress a study 
involving the replacement of Arg’” in yeast PGK by 
glutamine, serine and alanine was reported [17]. The 
results of those studies, although different in detail (dif- 
ferent substitutions) provide similar information to the 
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Fig. 1. A diagrammatic representatton of 3-PGA binding as observed 
in a pig muscle binary complex [3]. Atoms are represented by ctrcles. 
The phosphorous atom IS shaded and the oxygen atoms are crossed 
by parallel lines. The arrows represent the proposed bonds between 
the sugar substrate and the enzyme side chains. 
experiments reported here for the replacement of resi- 
due 65. 
3.1. Arg65 
The R65K substitution has had no effect on the en- 
zyme’s K, for MgATP, although a 2.2-fold increase in 
the K,,, for 3-PGA is observed. This observation is con- 
sistent with the 3.6-fold increase in the & for this sub- 
strate. In addition to the increase in Km and Kd seen for 
3-PGA, a 1.5-fold increase in the kc,, is observed. As a 
result of the decrease in the enzyme’s affinity for 3-PGA 
but increase in enzyme turnover, the catalytic efficiency 
of the enzyme is not significantly affected by the R65K 
substitution. 
The R65M substitution results in a 4.9- and 20.6-fold 
increase in the K,,,‘s for MgATP and 3-PGA, respec- 
tively. Both the X-ray and ‘H NMR data indicate that 
this substitution causes a significant structural pertur- 
bation close to the site of the mutation. These observa- 
tions are consistent with the 7-fold decrease in k,,, and 
the concomitant 145-fold decrease in the enzyme’s cata- 
lytic efficiency. The ‘H NMR results indicate that the 
Kd for 3-PGA exceeds 0.5 mM, a value which represents 
a 45-fold reduction in the enzyme’s affinity for that 
substrate. 
Fig. 2a shows that the R65K substitution reduces the 
salt activation effect observed with the wild-type. The 
same figure shows that the effect of the R65M mutation 
is to effectively abolish salt activation. This may be 
explained, in part, by the fact that the N-terminal do- 
main of this mutant appears to unfold at low salt con- 
centrations, as judged by the relevant NMR spectra. 
Perhaps the residual activity results from the re-folding 
of the domain, a feature which is supported by the fact 
that in high salt enzyme crystals can be obtained which 
are isomorphous with those of the wild-type enzyme. 
3.2. Arg”’ 
The effect of both the R121 K and R121 M substitu- 
tions on the steady-state kinetics of PGK are almost 
identical. Both mutations result in an approximately 
2-fold increase in the K,,, for 3-PGA, whilst neither af- 
fect the K,,, for MgATP. In the absence of salt. the 
solubility of both mutants is less than that of the wild- 
type enzyme. This complicates the NMR procedures 
used to measure Kd values, and as such neither value has 
been determined so far. An approximate 1.5-fold de- 
crease in the k,,, results in an approximate 3.5-fold re- 
duction in the catalytic efficiencies of both these en- 
zymes. 
The most surprising result obtained for the mutation 
at position 121 is that it is the change from arginine to 
lysine and not methionine which markedly reduces the 
anion activation effect. Taken at face value the results 
presented in Fig. 2b suggests that it is not the charge 
group associated with residue 121 which is responsible 
for the anion activation effect observed with the wild- 
type enzyme. 
3.3. Argi6’ 
The substitution of the arginine at position 168 by 
either a lysine or methionine appears to alter the affinity 
of the enzyme for both sugar and nucleotide substrates, 
as is shown in Table I. The lysine substitution results in 
a 2.6-fold increase in the Km for 3-PGA, consistent with 
the 2.3-fold increase in Kd for that substrate. The same 
substitution also increases the Km for MgATP by a fac- 
tor of 3. The methionine substitution results in a 8.3- 
fold increase in the Km for 3-PGA, which, although 
lower than the increase in measured Kd (14-fold) for that 
substrate is within the expected error range of the two 
measurements. The same substitution also increases the 
Km for MgATP 4-fold. The increase in the K,,,‘s of both 
sugar and nucleotide substrates for both lysine and 
methionine mutants is reflected in the 5.5- (R168K) and 
34.6- (R168M) fold decrease in their catalytic efficien- 
cies. 
Like the substitution at residue 121 it is not the loss 
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a 
Enzyme activity (%) 
3w 
Sulphate (mM) 
WlldType R65K RSSM 
- -*- L 
b C 
Enzyme actwty (%) Enzyme actiwty (96) 
Fig. 2. Acttwty of yeast PGK modtfied by sate-directed mutagenests at postttons 65 (a), 121 (b), and 168 (c). Each figure shows the actrvtty as a 
function of the ammomum sulphate concentratton present m the assay medium for the weld-type enzyme and the enzyme modtfied by replacing 
an arginine by lysme or by methtonme. 
of the charge which has the most marked effect on anion 
activation (see Fig. 2~). In contrast with the arginine 
replacement by lysine at position 121, which considera- 
bly reduces the salt activation effect (see Fig. 2b). the 
same substitution at residue 168 appears to act in such 
a way as to show only anion inhibition. 
4. DISCUSSION 
Two 3-PGA binding sites have been proposed for 
PGK based on crystallographic evidence. Neither site 
necessarily relates in detail to that found in the catalyt- 
ically competent form of the enzyme. The putative site 
proposed by Blake and his colleagues [1] was located 
close to a ‘patch’ of basic residues on the domain sur- 
face facing, but separated by some 10 A from, the phos- 
phate end of the nucleotide binding site. The structure 
of the binary complex of the pig enzyme [3] shows that 
3-PGA does indeed bind at that site. The second site. 
which was based on electron density observed in the 
Fourier map of the yeast enzyme [3], places the sugar 
substrates carboxyl group in a position for one of its 
oxygen’s to make an in-line attack on the y-phosphate 
of the bound ATP. That density was interpreted as 
representing substrate which had remained bound dur- 
ing the preparation of the enzyme. Sequence data has 
shown, however. that the residues implicated in the 
binding of the sugar phosphate are not conserved [20], 
although it is perhaps worthy of note that both replace- 
ments are of the most conservative type. The accumu- 
lated evidence, both from the sequence data and from 
the data obtained from the pig binary complex, would 
Table I 
The kinettc parameters for over-expressed atld-type PGK and PGK modilied at postttons 65. 121 and 168 by stte-dtrected mutagenesis 
PGK Q, 3-PGA 
(mM) 
k;, MgATP 
tmM) 
& 3-PGA 
(mM) 
Wild-type 0 17 0.33 343.5 45x IO1 0.01 I 
R65K 1 70 0.33 503.8 30x IO’ 0.040 
R65M 15.89 1.63 48.9 3.1 x 10’ > 0.500 
Rl2lK 1.92 0 36 ___ 33-J I 1.2 x IO’ 
R121M 2.00 0.37 255 7 13x IO” 
R168K 2.01 0.99 164 I 8.2 x IOJ 0 035 
Rl68M 6.40 1.34 85 5 13x10” 0 160 
The K, values were determmed m the presence of 40 mM ammonium sulphate. whereas the Kc, vdues were measured tn the absence of ammomum 
sulphate 
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suggest. therefore, that the binding site for 3-PGA is 
essentially that originally proposed by Blake and his 
colleagues [l]. The results obtained in the present study 
relating to the catalytically competent form of the en- 
zyme have therefore been interpreted in terms of the 
substrate site determined for the pig binary complex. It 
must be emphasised, however, that the sugar binding 
site observed for the pig enzyme requires that the rela- 
tive positions of the two domains move during catalysis, 
and that conformational changes associated with that 
movement, particularly those associated with the do- 
main interface, could well alter the detailed bonding 
arrangement involving the substrate. 
The structure of the binary complex indicates that 
Arg6’, Arg”’ and Argi6* (yeast numbering) each form 
two bonds with chemically equivalent oxygen atoms 
associated with the non-transferable phosphate, as is 
shown in Fig. I. The fourth, or linking oxygen is hydro- 
gen bonded to the histidine at position 62. ‘H NMR 
studies with a yeast PGK, in which the histidine at 
position 62 was replaced by glutamine, have shown that 
3-PGA binding induces the same conformational effects 
with the mutant as with the wild-type enzyme. although 
the affinity for that substrate is reduced some 2-3-fold 
[ 181. The finding that the dissociation constant for glyc- 
erol-3-phosphate is close to that of 3-PGA [21] suggests 
that sugar substrate binding to PGK occurs without the 
involvement of the carboxyl group. That result implies 
that 3-PGA binding must depend on the interaction of 
the phosphate group, and to a lesser extent, the 2’- 
hydroxyl with the enzyme. What is surprising about the 
results presented here is that replacing the residues, 
which have been shown to interact with the phosphate 
group in the open form of the structure, have such a 
minimal affect on the Km for the substrate. 
The kinetic differences observed between wild-type 
enzyme and that substituted at positions 65. 121 and 
168 by a residue of similar charge presumably reflects 
the small structural adjustments that are made at the 
non-transferable phosphate site to accommodate the 
change in side chain length on replacing arginine by 
lysine. The absence of a marked change on substituting 
any one of the three arginines by methionine can only 
be explained if it is assumed that the movement of a 
single ion, either into or out of the active site, compen- 
sates for the loss of charge. Such an explanation pre- 
sumes that only two arginines of the three arginine side 
chains are required for phosphate binding. implying 
that PGK has evolved a mutationally insensitive sub- 
strate binding site. This is clearly a situation which 
could not have been anticipated in the absence of struc- 
tural information. 
What, if anything, do the salt activation effects tell us 
about the mechanism of the enzyme? Apparently little 
that we did not already know. The combined kinetic, 
crystallographic and ‘H NMR results obtained by stud- 
ying a mutant PGK. in which Arg” was replaced by 
lysine and by methionine, have shown that an anion 
binding site exists close to, but not necessarily coinci- 
dent with, the sugar substrate’s non-transferable phos- 
phate [ 191. That study showed that disturbing the struc- 
ture associated with a side chain close to, but not inter- 
acting directly with, the sugar substrate was sufficient 
to abolish the anion activation effect. The anion binding 
results reported here, particularly for Arg”’ and Arg168, 
support those observations emphasising that it is not 
the loss of charge which affects salt activation but a 
change in the hydrogen bonding network close to the 
sugar binding site. 
Acknowledgements: Thts work was supported by the SERClIndustry 
protein engmeering program, and by the Umversrties of Brtstol, and 
Exeter. M.D.B and S.J.G. would each like to thank the Science and 
Engineermg Councrl for the award of a research studentshrp. H.C.W. 
is a member of the Bristol Molecular Recognition Centre. J.A.L. is the 
rectpient of a Wellcome Trust Umversity Award. The authors would 
hke to acknowledge their colleagues who work in the NMR laborato- 
ries at the Universtties of Oxford and Sheffield for allowing them to 
include Kd measurements prior to joint publication. 
REFERENCES 
[l] Banks, R.D.. Blake. C.C.F., Evans, P.R., Haser,R., Rice, D.W., 
Hardy, G.W., Merrett, M. and Philhps, A.W. (1979) Nature 279, 
1733777. 
[2] Watson, H C . Walker, N.P.C.. Shaw. P.J., Bryant, T.N., Wen- 
dell, P.L.. Fothergill, L.A.. Perkins. R.E.. Conroy, S.C., Dobson, 
M.J.. Tuite, M.F., Kingsman, A.J. and Kmgsman, S.M. (1982) 
EMBO J. 1. 163551640. 
[3] Harlos, K.. Vas, M and Blake, C.F. (1992) Proteins 12, 133-144. 
[4] Davies, G.J.. Gamblin, S.J.. Littlechrld. J.A. and Watson, H.C. 
(1992) Proteins 15. 283-289. 
[5] Blake. C.C.F., Rice, D.W. and Cohen, F.E. (1986) Int. J. Peptrde 
Protein Res. 21. 443459. 
[6] Koshland. D.E. (1959) The Enzymes, vol. 1. 2nd edn., pp. 305- 
346. Academic Press. NY. 
[7] Anderson, C.M., Zucker, F.H. and Stettz, T.A. (1979) Science 
204, 375-380. 
[8] Bennett, W.S. and Steitz. T.A. (1980) J. Mol. Biol. 140,21 l-230. 
[9] Pickover. C.A , McKay. D.M.. Engelman, D.M. and Steitz, T.A 
(1979) J. Biol Chem. 254. 11323311329. 
[lo] Roustan, C.. Fattoum. A.. Jeanneau, R. and Pradel, L.A. (1980) 
Biochemistry 19. 516885175. 
[l I] Gamblin. S J., Ph D. Thesis. Universrty of Bristol, 1988 
[12] Zoller, M.J. and Smith, M. (1984) DNA 3, 479488. 
[13] Minard, P.. Bowen. D.J., Littlechtld. J.A., Watson, H.C. and 
Hall, L. (1990) Protem Eng. 3. 515-521. 
[14] Ito. H.. Fukuda, Y., Murata. K. and Kimura. A. (1983) J. 
Bacterial. 153. 163-168. 
[15] Fanbrother, W.J., Walker, PA.. Minard. P., Lrttlechrld, J.A., 
Watson, H.C. and Wilhams. R.J.P. (1989) Eur. J. Biochem. 183, 
51761. 
[16] Watson, H.C. and Ltttlechild, J.A. (1989) Biochem. Sot. Trans. 
18, 187-190 
[17] Sherman. M.A.. Dean, S.A., Mathtowetz. A.M. and Mas, M.T. 
(1991) Protein Eng. 4. 935-940. 
[18] Fairbrother, W J., Hall, L., Littlechild, J.A., Walker, P.A.. Wat- 
son, H.C. and Wtlliams, R.J P. (1989) FEBS Lett. 258, 247-250 
[19] Walker, P.A.. Joao, H.C.. Littlechtld. J.A.. Williams, R.J.P. and 
Watson, H.C. (1992) Eur. J. Biochem. 207, 29937. 
[20] Fabry, S.. Heppner, P., Dtetmaier. W. and Hensel, R. (1990) 
Gene 91. 19-X. 
[21] Vas, M and Balke. J (1984) Eur. J. Biochem. 139, 115-123. 
197 
